Abstract. The E s layer instability has been suggested as a participant in the creation of frontal structures observed in both the E s and F layers of the nighttime midlatitude ionosphere, in spite of the fact that the spatial scales of the frontal structures are very different in the two layers. The linear growth rate of the instability has a maxima in the vicinity of the wavelength observed for the E s layer structures (short wavelengths). However, the maxima is non-distinct, and simulations have shown that the instability is extremely nonlinear. Therefore, to understand the wavelength dependence of the E s layer instability it is necessary to factor in nonlinear behavior. Simulations have shown that the instability is active at the wavelengths observed in the F layer, and revealed that the E s layer behavior at these long wavelengths is so nonlinear that the common, highly localized E s layer observation techniques would likely miss the signature, which is highly visible in the F layer. However, there is currently no explanation for why long wavelengths so clearly dominate short (or intermediate) wavelengths in the F layer observations, and this is a weakness in arguments that the E s layer instability participates in the creation of F-region frontal structures. Herein we remove this weakness by showing that longer wavelengths grow to larger amplitudes before eventual nonlinear saturation, and couple more effectively to the F-region.
Introduction
showed that the equilibrium configuration of a midlatitude sporadic-E (E s ) layer at a wind shear node is unstable, at night, to plane wave perCorrespondence to: R. B. Cosgrove (russell.cosgrove@sri.com) turbations in altitude or field-line-integrated (FLI) density. This instability is a possible participant in frontal structuring events in E s layers, and in the F layer, which have been observed over the years by ionosonde, by coherent scatter radar, by all-sky images of 630.0 nm emissions, and by GPS time delay mapping (Tsunoda and Cosgrove, 2001; Tsunoda et al., 2004) . Participation of the E s layer instability is suggested by the fact that the observed structures prefer the same skewed azimuthal alignment that maximizes the instabilities growth rate. The general correlation between the type of coherent radar backscatter from E s layers known as quasi-periodic (QP) echoes (Yamamoto et al., 1991) , and the F-region frontal disturbances known as mesoscale traveling ionospheric disturbances (MSTIDs) has been asserted by Saito et al. (2007) . A specific example of correlation between the airglow intensity and the E s layer electric fields has been documented by Otsuka et al. (2007) . The instability is also potentially involved in the source of large polarization electric fields in E s layers, and in the F layer, which have been indicated by incoherent scatter radar , by coherent scatter radar (e.g. Schlegel and Haldoupis, 1994; Tsunoda et al., 1994; Fukao et al., 1991) , and measured in situ during the two SEEK rocket campaigns Pfaff et al., 1998; Yamamoto et al., 2005; Pfaff et al., 2005) . We explore in this work the stark contrast between the wavelengths of structure observed in the E s and F layers, with respect to a possible E s layer electrodynamic contribution to the source, by investigating the wavelength dependence of the E s layer instability in the nonlinear regime.
Spaced ionosonde observations (Goodwin and Summers, 1970) have revealed the consistent presence of frontal structures in Southern Hemisphere E s layers, with fronts elongated from northeast to southwest. Tsunoda et al. (2004) noted that this orientation points to the E s layer instability as source. Goodwin and Summers (1970) found that the (horizontal) wavelength range for the frontal structures was 10-40 km, with a mean of 24 km.
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QP echoes have been found to form frontal structures with a preferred orientation matching that of the E s layer instability (Yamamoto et al., , 1997 Hysell et al., 2004; Larsen et al., 2007; Saito et al., 2007) . This orientation, observed in the Northern Hemisphere, is conjugate along magnetic field lines to that observed in the Southern Hemisphere by Goodwin and Summers (1970) . Such conjugacy is a basic feature of the E s layer instability. By examining profiles of QP echo Doppler velocity presented by various authors, a wavelength in the perpendicular to B direction can be inferred. This was done in , where a wavelength range of 8-24 km, with a mean of 17 km, was found. Hence, the estimated wavelength for QP echoes is slightly, but not significantly less than the estimated wavelength for ionosonde observed frontal structures.
In contrast, much longer wavelength structures have been observed in the F-region, which also share the same preferred orientation. All sky images (e.g. Garcia et al., 2000; Kubota et al., 2001; Saito et al., 2001; Shiokawa et al., 2003) and GPS time delay (e.g. Saito et al., 1998; Tsugawa et al., 2007) show nighttime F layer structure with a clear statistical tendency to form fronts elongated from northwest to southeast (Northern Hemisphere), and generally propagating to the southwest. We will refer to these observations as medium traveling ionospheric disturbances (MSTIDs). The wavelength for MSTIDs ranges from 50 km to 300 km, with a preference for about 200 km (Garcia et al., 2000; Shiokawa et al., 2003) . These scales seem consistent with the idea that E s layers may be involved in the source mechanism. Cathey (1969) categorized E s layer sizes with a satellite born ionospheric sounder, finding a mean of 170 km, and a maximum of 1000 km. Goodwin (1966) found E s layer fronts extending 1000 km, by correlating the backscatter from spaced ionosondes.
The observed 8-40 km wavelengths for E s layer structure are nearly an order of magnitude below the 50-300 km wavelengths observed in the F layer. Nevertheless, simulations by , and , have shown that the E s layer instability is a potential contributor to both the smaller scale E s layer structure, and the larger scale F layer structure. The simulations in found that when the E s layer instability was seeded at long wavelengths, the resulting E s layer evolution was so highly nonlinear that it would be almost impossible for E-region observing apparatus to connect it with a long wavelength event. There is not, for example, a 10 km sinusoidal modulation of the E s layer altitude with a 200 km wavelength. On the other hand, the associated F layer structure in the simulations clearly reflects the long wavelength. Hence, the simulations seem thus far to be consistent with the observations. However, one question that remains unaddressed is, if the E s layer instability is active at both long and short wavelengths, why are there predominantly long wavelength structures in the F layer? Cosgrove (2006b) found through a linear growth rate computation that the E s layer instability is stabilized for wavelengths less than a few times the equilibrium layer thickness, and has a growth rate maxima slightly above the short wavelength cuttoff, due to the reduced mapping efficiency of E s layer polarization electric fields to the F layer that occurs as wavelength is reduced. However, the growth rate maxima is not a strong one, and there is no reason to rule out excitation of the instability at long wavelengths, to the extent that the dimensions of the E s layer are sufficiently large. Also, Cosgrove (2006a) found that the nonlinear aspects of the E s layer electrodynamics are extremely important, and therefore must be factored into any analysis of the wavelength dependence of the E s layer instability. We therefore undertake in this paper to address the wavelength dependence of the E s layer instability in the nonlinear regime, and to see if the result sheds light on the preferred wavelength for the F layer frontal structure observations.
Larger saturation amplitude for longer wavelength

Theory
Consider time-dependent plasma density, ion velocity, and electron velocity distributions n, v i , and v e , respectively, which satisfy the equations of motion in the zonal wind shear field
whereŷ is eastward, z is a vertical coordinate (positive downward), x and y will be horizontal coordinates, and u is the constant zonal wind shear. By the equations of motion we mean the quasi-neutral ion and current continuity equations dn dt +∇·(nv i )=0 and ∇·(n(v i −v e ))=0, where v i and v e are determined from the steady state momentum equations using the wind field (Eq. 1) and a polarization electric field E. If the spatial scale of the density distribution is increased by a factor σ , then according to Eq. (1) the wind velocity at corresponding points is also increased by the factor σ , and the equations of motion will be satisfied by increasing the polarization electric fields by the same factor σ .
Specifically, consider the rescaled plasma density
and the rescaled ion and electron velocities v i,e (x, y, z) = βv i,e (x/σ, y/σ, z/σ ),
where σ , γ , and β are constants. Plugging into the current continuity equation ∇·(n(v i −v e ))=0 we find
, that is, the rescaled triple (n , v i , v e ) also satisfies the current continuity equation. To check the ion continuity equation for the pair (n , v i ) we compute the time derivative of n , using the assumption that (n, v i ) satisfies the ion continuity equation:
Equation (4) shows that the pair (n , v i ) satisfies the ion continuity equation when β=σ . Therefore, the equations of motion are satisfied by the rescaled quantities defined in Eqs. (2) and (3) if there is a polarization field E such that v i and v e satisfy the steady state momentum equations with β=σ , using the wind field (Eq. 1). According to the steady state momentum equations the ion and electron velocities are locally determined, and proportional to u and the electric field E, that is,
where the notation → is used to mean "is replaced by." The wind field (Eq. 1) is self-similar in the sense u(x, y, z)=σ u(x/σ, y/σ, z/σ ). Therefore, with the wind field (Eq. 1), and a rescaled electric field
the relation (5) gives the rescaled velocities v i,e in Eq. (3), with β=σ . This shows that the equations of motion are satisfied by the rescaled quantities n (x, y, z) = γ n(x/σ, y/σ, z/σ ), and
for any constants σ and γ , using the wind field (Eq. 1). (Note that choosing γ =1/σ preserves the FLI density under the transformation (2).) This result holds exactly, for any n, and means that the density fields n and n track each other exactly, with the rescaling factors σ and γ , no matter how nonlinear the evolution becomes. If, for example, σ =2, and n is an E s layer with an initial sinusoidal perturbation of wavelength λ, then n is an E s layer with an initial sinusoidal perturbation of wavelength 2λ. The maximum polarization electric field associated with n is double the maximum associated with n. Likewise, the maximum vertical scale associated with n is double that associated with n, etc.
Therefore, we have in effect derived the power spectrum for the structure generated by the E s layer instability (in simplest form), which might apply under an assumption akin to the concept of fully developed turbulence that arises in the theory of turbulent fluids. In this regard, the scaling operation also affects the amplitude of the initial sinusoidal perturbation. If the amplitude is not rescaled then the derivation above, specifically Eq. (4), is not valid. The interpretation that we have derived the power spectrum relies on an assumption that the final saturation amplitude is not sensitive to the initial perturbation amplitude, which is what we mean by "an assumption akin to the concept of fully developed turbulence." The simulations below will employ the same initial amplitude for all wavelengths, and hence will test this assumption.
When there is an F-region wind u F , and/or an unsheared meridional wind u N in the E-region, then the additional scaling relations
must be assumed for the above derivation to go through. This is an alteration of the background conditions. Hence, our results concerning the rescaling with wavelength of the maximum electric field, and of the maximum vertical scale, do not hold exactly under these more general conditions. We turn now to numerical simulations to verify that the results are at least qualitatively correct, that is, that the E s layer instability creates larger electric fields and more vertical excursion of plasma at longer wavelengths.
Simulations
To investigate the wavelength dependence of the E s layer instability with F-region and meridional E-region winds, we apply the simulation developed by Cosgrove (2006a) . This is a two-dimensional numerical solution of the two-fluid equations, simultaneously covering the E s and F layers, coupled by the assumption that the electric field maps perfectly along the magnetic field B. The conditions are set up to match Fig. 5 of Cosgrove (2006a) , with wavelengths of 200 km, 100 km, 50 km, and 25 km. By wavelength we mean the wavelength of the initial seed altitude perturbation, which is given in the F layer. The E s layer is initially flat. The E s layer is unstable to the E s layer instability, the F layer is unstable to the Perkins instability (Perkins, 1973) , and there is a relative horizontal velocity between the two layers of 120 m/s. The latter condition is what is referred to by and Cosgrove (2006a) as the non-resonant condition. In this case, and if the E s layer is sufficiently dense, Cosgrove (2006a) found that the role of the Perkins instability is mostly to seed the E s layer instability, and that the interesting electrodynamics comes from the nonlinearity of the E s layer instability. The "sufficiently dense" criteria was found numerically to be H / P F 1, where H is the FLI Hall conductivity of the E s layer, and figure is that the y axis is directed upward, and a little toward the southeast. The x axis, however, is exactly horizontal.
The time periods shown in Figures 2 through 5 are chosen to bracket the wave-breaking events, which constitute the explosive growth phase of the instability. The maximum electric field occurs simultaneously with the wave-breaking event. Before the wave breaking event there is little visible activity in the layer, and the electric field is small. After the wave breaking event the electric field again decreases, and the layer structure becomes more disorganized. The shorter the wavelength of the initial seed modulation, the longer it takes for the wavebreaking event to occur.
Comparing the electric field plots in Figures 2 through 5 confirms the finding that the maximum electric field (maximum occurring over the course of the evolution subsequent to the initial 5 km altitude modulation of the F layer) grows with wavelength. Figure 6 shows log 2 -log 2 plots of the maximum electric field versus the wavelength of the initial modulation, as found by the simulations presented in Figures 2 through 5, and by applying the scaling rule of Section 2.1 (theory). The horizontal axis of Figure 6 is log 2 of wavelength in km, and the vertical axis is log 2 of maximum electric field in mV/m. The scaling rule is applied by setting the and the F layer winds, were also rescaled.
An additional factor arises because the simulati employs a rotational wind shear, and hence does n have a strictly linear variation of the zonal wind w altitude. This may be responsible for the large deviati from linearity observed in Figure 6 between λ = 100 k and λ = 200 km, because it is in this wavelength-ran that the maximum altitude excursion of the E s lay modulation (which increases with wavelength, along w the maximum electric field) approaches one-quarter o wavelength of the rotational wind shear. The altitud excursion approaches the end of the zonal-wind-she region, as the approximation sin ε ≃ ε begins to bre down. Also, the meridional wind, which is essential the instability , is significantly decre as the altitude excursion moves away from the peak the cosine.
With regard to the increase in F layer altitude d placement associated with increasing wavelength, note that in addition to the fact that the E s layer p duced electric fields increase with wavelength, the int action time between the two layers also increases w wavelength. Specifically, since the relative horizon velocity (between the E s and F layers) is fixed, a long wavelength means that it takes longer for the elect field seen by a particular piece of F layer plasma to reversed, due to relative drift. This longer interacti time, together with the stronger electric fields, crea an increased F layer altitude modulation.
In Figure 7 a possible interaction between large a small scale excitations of the E s layer instability is lustrated. The simulation output for the 200 km wav length excitation is taken as the initial state for the and F layers. Representative of the effects of a low thermospheric gravity wave, we apply a ±0.25 km a plitude, 25 km wavelength, sinusoidal altitude modu tion to the E s layer density profile at t = 203.6 minut which is after the breaking wave (seen in Figure 2 ) h subsided. The result, shown 12 minutes after the init perturbation, is a 25-km-scale modulation of the pol ization electric field, which exists over half the E s lay extent (over 100 km). This result is reminiscent of o servations that show QP-echo-sc modulation of radar backscatter (assumed to be scat from meter scale irregularities produced by a polariz tion electric field), within a larger-scale modulation e velope that matches the scale of the F -region-produc airglow. A uniform wind field of 45 m/s to the east, and 22 m/s to the south, is applied in the F-region. There is no background (i.e. not caused by polarization of the E s layer) electric field. A 0.6 km half width Gaussian density profile is located at the zonal wind shear node on the E-region grid, and a 120 km half width Gaussian density profile is located on the F-region grid. The ion-neutral collision frequency is computed from a curve fit to data given by Johnson (1961) , with the E s layer located at an altitude of 100 km. The ratio of the E s layer FLI Hall conductivity to the F layer FLI Pedersen conductivity is set to H P F =1.8. This leads to a ratio of E s layer FLI Pedersen conductivity to F layer FLI Pedersen conductivity of P E P F =0.06. Details of the simulation method may be found in Cosgrove (2006a) .
The simulation results are presented in Figs. 2 through 5. The figures show cross sections of the E s layer and F layer densities in grey scale, and the electric field at the equilibrium altitude of the E s layer. The scales for all figures are in kilometers, except for the y-axis of the electric field figures, which is in mV/m. The orientation of the coordinate axes is summarized in Fig. 1 . The axes are defined so that both B and E lie in the figure plane. The x-axis is northeast, and B makes a 45 • angle with the x-axis, directed from top left to bottom right. The electric field E is perpendicular to B, with positive defined from bottom left to top right. The sacrifice for making B and E lie in the plane of the figure is that the y-axis is directed upward, and a little toward the southeast. The x-axis, however, is exactly horizontal.
The time periods shown in Figs. 2 through 5 are chosen to bracket the wave-breaking events, which constitute the explosive growth phase of the instability. The maximum electric field occurs simultaneously with the wave-breaking event. Before the wave breaking event there is little visible activity in the layer, and the electric field is small. After the wave breaking event the electric field again decreases, and the layer structure becomes more disorganized. The shorter the wavelength of the initial seed modulation, the longer it takes for the wave-breaking event to occur.
Comparing the electric field plots in Figs. 2 through 5 confirms the finding that the maximum electric field (maximum occurring over the course of the evolution subsequent to the initial 5 km altitude modulation of the F layer) grows with wavelength. Figure 6 shows log 2 -log 2 plots of the maximum electric field versus the wavelength of the initial modulation, as found by the simulations presented in Figs. 2 through 5, and by applying the scaling rule of Sect. 2.1 (theory). The horizontal axis of Fig. 6 is log 2 of wavelength in km, and the vertical axis is log 2 of maximum electric field in mV/m. The scaling rule is applied by setting the theoretical and simulated electric field maxima equal at λ=25 km (log 2 (25)=4.64), and scaling to the longer wavelengths. Figure 6 shows that the scaling rule works well for the first two doublings of the wavelength, but fails for the third.
The fact that the effect is less than a direct proportionality is consistent with the expectations developed in Sect. 2.1, where we noted that a direct proportionality would result only if the E s layer meridional wind, and the F layer winds, were also rescaled.
An additional factor arises because the simulation employs a rotational wind shear, and hence does not have a strictly linear variation of the zonal wind with altitude. This may be responsible for the large deviation from linearity observed in Fig. 6 between λ=100 km and λ=200 km, because it is in this wavelength-range that the maximum altitude excursion of the E s layer modulation (which increases with wavelength, along with the maximum electric field) approaches one-quarter of a wavelength of the rotational wind shear. The altitude-excursion approaches the end of the zonal-windshear region, as the approximation sin ε ε begins to break down. Also, the meridional wind, which is essential to the instability , is significantly decreased -as the altitude excursion moves away from the peak of the cosine.
With regard to the increase in F layer altitude displacement associated with increasing wavelength, we note that in addition to the fact that the E s layer produced electric fields increase with wavelength, the interaction time between the two layers also increases with wavelength. Specifically, since the relative horizontal velocity (between the E s and F layers) is fixed, a longer wavelength means that it takes longer for the electric field seen by a particular piece of F layer plasma to be reversed, due to relative drift. This longer interaction time, Ann. Geophys., 26, 3933-3943, 2008 www.ann-geophys.net/26/3933/2008/ together with the stronger electric fields, creates an increased F layer altitude modulation. In Fig. 7 a possible interaction between large and small scale excitations of the E s layer instability is illustrated. The simulation output for the 200 km wavelength excitation is taken as the initial state for the E s and F layers. Representative of the effects of a lower-thermospheric gravity wave, we apply a ±0.25 km amplitude, 25 km wavelength, sinusoidal altitude modulation to the E s layer density profile at t=203.6 min, which is after the breaking wave (seen in Fig. 2 ) has subsided. The result, shown 12 min after the initial perturbation, is a 25-km-scale modulation of the polarization electric field, which exists over half the E s layer extent (over 100 km). This result is reminiscent of observations that show QP-echo-scale modulation of radar backscatter (assumed to be scatter from meter scale irregularities produced by a polarization electric field), within a larger-scale modulation envelope that matches the scale of the F-region-produced airglow.
Summary of conclusions and results
The conclusions and results of this work are summarized as follows:
1. In simplest form, the electric fields and spatial-scale of an excitation of the E s layer at any stage of evolution scale directly with the spatial scale of the initial excitation. Specifically, when the initial excitation is rescaled as
(which rescales the wavelength as λ→σ λ), then E(t, x, y, z) → σ E(t, x/σ, y/σ, z/σ ) and
for any later time t.
2. Under more realistic assumptions, simulations confirm that the electric fields and spatial-scale of the modes of the E s layer instability increase with wavelength. The increase is significant, but not as rapid as by direct proportionality.
3. The increased electric fields, together with an increased interaction time, lead to a significant increase with wavelength of the F layer structuring associated with the E s layer instability.
Items 1 through 3 suggest that the short wavelength (∼20 km) modes of the E s layer instability, which have the largest linear growth rate, may have little effect on the F : log 2 -log 2 plots of the peak electric field versus wavelength, as determined by the scaling rule of Section 2.1 (theory), and by the simulations presented in Figures 2 through 5. The horizontal axis is log 2 of wavelength in km, and the vertical axis is log 2 of electric field in mV/m. The scaling rule is applied by setting the theoretical and simulated electric field equal at λ = 25 km, and scaling to the longer wavelengths.
the initial excitation. Specifically, when the initial excitation is rescaled as n(t 0 , x, y, z) → 1 σ n(t 0 , x/σ, y/σ, z/σ) (which rescales the wavelength as λ → σλ), then E(t, x, y, z) → σ E(t, x/σ, y/σ, z/σ) and n(t, x, y, z) → 1 σ n(t, x/σ, y/σ, z/σ) for any later time t.
Items 1 through 3 suggest that the short wavelength (∼ 20 km) modes of the E s layer instability, which have the largest linear growth rate, may have little effect on the F layer. In fact, the effect shown in Figure 5 is an exaggeration, since the largest growth rate modes were . log 2 -log 2 plots of the peak electric field versus wavelength, as determined by the scaling rule of Sect. 2.1 (theory), and by the simulations presented in Figs. 2 through 5. The horizontal axis is log 2 of wavelength in km, and the vertical axis is log 2 of electric field in mV/m. The scaling rule is applied by setting the theoretical and simulated electric field equal at λ=25 km, and scaling to the longer wavelengths.
layer. In fact, the effect shown in Fig. 5 is an exaggeration, since the largest growth rate modes were found by Cosgrove (2006b) to occur when the electric field produced by the E s layer is partially decoupled from the F layer, due to short wavelength reduction in the efficiency of mapping along B. This effect is not accounted for in the simulations.
On the other hand, the longer the wavelength, the larger the polarization field that impacts the F layer, and the longer time it has to act. Therefore, we might expect that the longest wavelength that can be effectively initiated in the E s layer, due to the operative seeding mechanism, and due to the finite size of the E s layer, will be what is observed in the F layer.
An illustration of a possible interaction between large and small scale excitations is shown in Fig. 7 , where it is seen that the large-scale excitation appears as an envelope for the smaller-scale excitation. This result is reminiscent of observations by Saito et al. (2007) .
In summary, these results seem to be consistent with the observations of E s and F layer frontal structures. The short wavelength modes are seen in the E s layer, both because they have the largest growth rate, and because the long wavelength modes are difficult to observe. The latter is due both to the limited horizontal scale of E s layer observation techniques, and to the fact that for long wavelength modes the evolution becomes strongly nonlinear before the altitude modulation becomes an appreciable fraction of the wavelength. The long atmosphere.
When Σ H /Σ P F 1 the E s layer is stable. The simulations of the system response function apply only in the case when the E s layer is unstable. However, the theoretical development of Section 2.1 makes no assumption regarding stability. Hence, it is probable that even when the layer is stable longer wavelength drivers produce larger amplitude responses. In addition, it is clear that even when the E s layer is stable it is easiest to excite waves aligned in the direction that is preferential for the instability. wavelength modes are observed in the F layer because they are associated with larger polarization fields, and because the fields have a longer interaction time with the F layer plasma. The F layer evolution is less nonlinear, and produces altitude modulations that are an appreciable fraction of the wavelength, which can be observed by optical techniques with a large horizontal coverage.
In interpreting the simulation results, it is important to recognize that we have analyzed the electrodynamics of the coupled E s and F layer system under the assumption that the external inputs are small, and act as mere "seeds". It is possible, in fact likely, that the external inputs are large. In such case the external inputs may dominate the dynamics. Hence, in the language of network theory, our result should be regarded as an analysis of the coupled E s and F layer system response function. To obtain the response in an actual case scenario the drivers must be applied to the system response function. We make no attempt to do this in the present work. It is interesting that some characteristics of the observed phenomena match the characteristics of the system response function, but a complete analysis should consider application of the drivers. Therefore, none of the assertions given above should be interpreted as a denial of the assertion made by Larsen et al. (2007) that neutral dynamics is the dominant driver behind the generation of E s layer polarization electric fields, and QP echoes. We have merely supplied an analysis of the electrodynamical system function, as a step toward analysis of the driven system, that is, driven by waves or disturbances in the neutral atmosphere.
When H / P F 1 the E s layer is stable. The simulations of the system response function apply only in the case when the E s layer is unstable. However, the theoretical development of Sect. 2.1 makes no assumption regarding stability. Hence, it is probable that even when the layer is stable longer wavelength drivers produce larger amplitude responses. In addition, it is clear that even when the E s layer is stable it is easiest to excite waves aligned in the direction that is preferential for the instability.
